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1. INTRODUCTION 
Investigation of defect formation upon the dissoci
ation of impurity–vacancy complexes in highly con
centrated solutions of gadolinium in CeO2 is impor
tant for the development of fuel cells intended for
atomichydrogen energetics and the preparation of
highly concentrated solutions of helium isotopes in
defective ionic crystals. 
An independent interest in this case is in determin
ing the bonding energy of helium atoms with ions of
the ceramic material under investigation. This interest
stems from the fact that, in earlier investigations of the
helium interaction with ionic crystals LiF [1] and
CaF2 [2], the authors revealed relatively high bonding
energies of helium atoms in the crystal lattice of LiF
(–0.32 ± 0.08 eV) and CaF2 (–0.5 ± 0.1 eV). In our
recent investigations of the helium solubility in the
cerium gadolinium ceramics Ce0.8Gd0.2O1.9 under the
conditions where free vacancies formed as a result of
the detachment of single vacancies from gadolinium
clusters were saturated with helium, we obtained an
even higher absolute value of the bonding energy of
helium ions in ceramic samples: –0.8 ± 0.2 eV [3]. The
strong bonding of helium atoms in ionic crystals is also
indicated by the results obtained in investigations of
the helium capture by strained LiF crystals at liquid
helium temperatures (see, for example, [4]). 
At the same time, the analysis of the temperature
dependence of the electrical conductivity [5] of the
considered crystals has demonstrated that, for the
composition Ce0.8Gd0.2O1.9, this dependence consists
of three temperature regions. The hightemperature
region (T > 1850 K) corresponds to the intrinsic disor
der of the anion sublattice, the mediumtemperature
region (T < 1850 K) is characterized by the dissocia
tion of impurity–vacancy complexes, and the low
temperature region is associated with the clustering of
impurity ions and vacancies (the temperature of the
boundary of this region depends on the type and con
centration of impurities, and, according to the avail
able data, its position is not clearly defined). Since the
concentration of differently charged impurity gadolin
ium ions is relatively high, the dissociation of gadolin
ium–vacancy complexes can be a more complex pro
cess than assumed in our earlier works [3, 6], where the
investigations were carried out in the lowtemperature
range. 
In this respect, it is of interest to perform a helium
defectoscopy of the cerium gadolinium ceramics
Ce0.8Gd0.2O1.9 in the mediumtemperature range. 
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2. SAMPLES AND EXPERIMENTAL 
TECHNIQUE 
Samples of the Ce0.8Gd0.2O1.9 ceramics used in our
investigations were synthesized and kindly placed at
our disposal by V.V. Ivanov (Institute of Electrophysics
of the Ural Branch of the Russian Academy of Sci
ences, Yekaterinburg, Russia). The ceramic samples
were prepared in the form of a solid solution of gado
linium in crystalline CeO2 with the fluorite structure.
The lattice constant was a = 0.54247 ± 0.00005 nm,
the subgrain size was equal to 150 ± 1 nm, and the
porosity was 4%. The procedures used for synthesizing
samples and methods for studying their characteristics
were described in detail in [7]. According to the results
of the additional analysis carried out using inductively
coupled plasma mass spectrometry, the contents of the
majority impurities in the ceramic samples did not
exceed 0.06 wt % Na, 0.05 wt % Ca, and 0.01 wt % Fe. 
The solubility of helium in the sample was investi
gated on an apparatus for helium defectoscopy, in
which the crystal saturated with helium in the gas
phase at specified values of the pressure and temper
ature was transferred under vacuum to the measuring
chamber and degassed at a high temperature. The
amount of the helium released during the degassing
was measured using an updated MI1201 mass spec
trometer operating in a quasistatic helium evacua
tion mode. The calibration of the mass spectrometer
was performed by means of a twofold expansion of
the known amount of helium into the calibrated vol
umes [6]. 
In order to determine the impurity disorder region
of the studied crystals, the electrical conductivity of
the Ce0.8Gd0.2O1.9 ceramic samples was measured by
the twopoint probe (bridge) method similar to the
technique described in [7]. 
The simulation of ionic crystals was carried out by
the molecular dynamics method similar to that
described in [8]. The molecular dynamics simulation
was performed using the rigidion approximation (for
electron shells rigidly bound to the nuclei). The inter
action potential Uij for the ith and jth particles was
written as the sum of the longrange Coulomb term
and nonCoulomb terms in the form of the Bucking
ham potential 
(1)Uij rij( ) KEQ
2
qiqj/rij Aij Bijrij–( )exp Cijrij
6–
,–+=
where rij is the distance between the ith and jth parti
cles; KE is the electrostatic constant; qi and qj are inte
ger ionic charges; and Aij, Bij, and Cij are the potential
parameters describing the repulsion and dispersion
attraction, respectively. 
The charges of cerium and gadolinium cations and
oxygen anions in the Coulomb part of the potential
were varied using the dimensionless factor Q [8]. In the
simulation, only the Coulomb cation–cation interac
tion was taken into account and the cation–anion
interaction was considered ignoring the dispersion
attraction (Cij = 0). The parameters of the interaction
potentials are presented in Table 1. 
The calculation of interparticle forces, which is
the most resourceconsuming computational part of
the molecular dynamics method, was implemented
on a graphic processor. This made it possible to
accelerate the molecular dynamics step by more than
two orders of magnitude as compared to the classical
direct summation on a graphic processor. The equa
tions of motion were integrated by the halfstep Euler
method with a time step of 3.5 × 10–15 s, and the total
simulation time for systems consisting of 40000 ions
reached 1 μs. 
The impurities in the crystal were distributed in
three ways: single Gd ions, paired Gd ions, and four
Gd ions around the corresponding site of the oxygen
sublattice. In the simulation, we considered three
types of vacancies in accordance with the number of
Gd ions in the nearest environment (N = 0, 1, and 2),
calculated their concentrations  for different tem
peratures, and determined the energy of formation for
each type of vacancies in the impurity disorder region. 
The method used for calculating the concentra
tions of all three types of vacancies was as follows. For
every 500 molecular dynamics steps, the positions of
the ions were averaged, and these averaged coordi
nates were used to check whether the oxygen ion is
located in a sphere (with a radius equal to 0.25 lattice
constant of the fluorite lattice) centered at the site of
the oxygen sublattice. If the oxygen ion was not
found in this sphere, it was assumed that the consid
ered site contains a vacancy, and the number of Gd
ions in the nearest cation environment was deter
mined for this vacancy. The equilibrium concentra
tions of all the considered types of vacancies were
found by means of longterm simulation at a speci
fied temperature with the subsequent averaging of the
vacancy concentration. 
3. DISCUSSION OF THE RESULTS 
OF MEASUREMENTS 
The dependences of the solubility of helium in the
ceramic samples on the saturation pressure are shown
in Fig. 1. As can be seen from this figure, the depen
dence C(P) can be divided into two characteristic
CV
N
Table 1. Parameters of the interaction potentials [8]
Bond Q Aij, eV
Bij,
nm–1
Cij,
eV nm6
O–O 50211.74 55.2 74.7961 × 106
Ce–O 0.628 722.45 27.83855 0
Gd–O 543.6734 27.83855 0
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parts. The first (initial) part is characterized by a linear
dependence of the solubility on the saturation pres
sure, and the second part is a “plateau” (with a con
stancy of the solubility within the limits of experimen
tal error in the pressure range under investigation).
Thus, the curves depicted in Fig. 1 indicate that the
dissolution mechanism corresponds to the dissolution
of helium in crystalline defects of the ceramic material
under investigation. 
The temperature dependences of the solubility, as
was shown earlier in [3], can be described by the
expression for the effective solubility of helium in
defects of the saturable type: 
(2)
Here, T and P are the saturation temperature and the
saturation pressure, respectively; EP is the energy of
dissolution of a helium atom in a vacancy; L is a con
stant that accounts for the entropy factor and weakly
depends on the temperature; and C*(T) is the concen
tration of unbound neutral anion vacancies, which can
be represented at low temperatures in the form of the
exponential function [9] 
(3)
where  is the energy of dissociation of an impu
rity–vacancy complex with the detachment of a single
neutral vacancy. 
In the approximation of a small filling factor for
solubility sites, from relationships (2) and (3) we can
obtain the following expression for the solubility of
helium in crystals: 
(4)
Ceff
C* T( )LP EP/kT–( )exp
1 LP E
P
/kT–( )exp+
 .=
C* T( ) C0* Eeff
D
/kT–( ),exp=
Eeff
D
Ceff
P
LC0*P Eeff
P
/kT–( ).exp=
In order to identify the type of defects, we investigated
the temperature dependence of the solubility of
helium in ceramic samples in the region of the “pla
teau” (Fig. 2, curve 1) and in the region of the linear
part of the solubility curve at a saturation pressure
equal to one atmosphere (Fig. 2, curve 2) in the range
of saturation temperatures T = 740–1123 K. 
The adequacy of the method used to investigate the
linear part of the temperature dependence of the
helium solubility was confirmed using additional data
obtained at shorter (by a factor of three) saturation
times (Fig. 2, curve 3). Over the entire temperature
range, these curves can be approximated by exponen
tial functions with the effective energy of dissolution of
helium atoms in defects. 
By approximating the experimental data, we
obtained the parameters of the dependence of the sol
ubility on the saturation temperature in the region of
the linear part of the solubility curve (Fig. 2, curve 2): 
(5)
In the same region, but at shorter (by a factor of three)
saturation times (Fig. 2, curve 3), we observed a
dependence with the effective energy of dissolution
Eeff = –0.07 ± 0.04 eV. 
Ceff T( ) 1.2 0.4–
+0.5( ) 1017×=
× 0.06 0.03±( )
kT
⎝ ⎠
⎛ ⎞  cm 3–  bar 1–[ ].exp
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Fig. 1. Dependences of the solubility of helium in
Ce0.8Gd0.2O1.9 on the saturation pressure at temperatures
T = (1) 773 and (2) 873 K. Curves 3 and 4 show the approx
imations of the dependences at temperatures of 773 and
873 K, respectively. 
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Fig. 2. Temperature dependences of the solubility of
helium in Ce0.8Gd0.2O1.9: (1) the region of the “plateau”
of the solubility curve, (2) the linear part of the solubility
curve, (3) the linear part of the solubility curve at shorter
(by a factor of three) saturation times, (4) equilibrium con
centration of anion vacancies with one gadolinium ion in
the nearest environment (N = 1) according to the molecu
lar dynamics simulation, (5) equilibrium concentration of
anion vacancies without gadolinium ions in the nearest
environment (N = 0) according to the molecular dynamics
simulation, (6) approximation of the molecular dynamics
simulation data, and (7) approximation of the experimen
tal data. 
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It can be seen that, even at such very different satu
ration times, the temperature dependences of the sol
ubility in the pressurelinear region are sufficiently
close to each other and have the same negative slope
and, accordingly, the same energies of dissolution.
This circumstance suggests the possible dissolution of
helium in dislocations, vacancies, or on the surface of
the studied ceramic samples. 
In the physical meaning, the experimentally
obtained temperature dependence of the solubility
(T) in the region of the “plateau” (Fig. 2, curve 1),
according to relationships (2) and (3), corresponds to
the concentration of saturated defects  = C*(T): 
(6)
Therefore, considering the experimentally observed
increase in the concentration of heliumsaturated
defects with increasing temperature, from all possible
Ceff
P
Ceff
P
C* T( ) 9 5–
+11( ) 1020 0.26 0.06±
kT
–⎝ ⎠
⎛ ⎞  cm 3–[ ].exp×–
types of saturable defects we can exclude, as a first
approximation, the surface, grain boundaries, and dis
locations of the ceramic material under investigation. 
This assumption was confirmed by measuring the
electrical conductivity of the samples in the tempera
ture range T = 740–1123 K. Figure 3 shows the exper
imental data on the electrical conductivity of the
Ce0.8Gd0.2O1.9 ceramic samples, taken from [7]
(Fig. 3, curve 1) and [5] (Fig. 3, curve 2), in compar
ison with our experimental data (Fig. 3, curve 4) and
with the results of our molecular dynamics calcula
tions (Fig. 3, curve 3). All the temperature depen
dences of the quantity σT have an exponential char
acter: 
(7)
where (σT)0 is the preexponential factor and Eσ is the
activation energy for diffusion. 
Table 2 presents the parameters of relationship (7)
for all the dependences shown in Fig. 3. The exponen
tial character of the observed dependences suggests
that the predominant type of defects in the studied
samples are anion vacancies formed upon the charge
compensation of differently charged impurity gado
linium ions. This is also indicated by the behavior of
the temperature dependence of the electrical conduc
tivity obtained from the molecular dynamics simula
tion. As follows from the data presented in Table 2, the
molecular dynamics simulation satisfactorily
describes the experimental data on the electrical con
ductivity in the mediumtemperature range corre
sponding to the impurity disorder region. 
In order to further confirm the type of saturable
defects, we carried out the molecular dynamics calcu
lation of the temperature dependences of the concen
tration of anion vacancies with different numbers of
impurity Gd ions (N = 0, 1, 2) in the nearest environ
ment. All the obtained dependences in the Arrhenius
coordinates can be approximated by straight lines
described by the equation 
, (8)
σT σT( )0
E
σ
kT
–⎝ ⎠
⎛ ⎞ ,exp=
CV
N
T( ) C0
N
EN
D
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Fig. 3. Temperature dependences of the quantity σT for
Ce0.8Gd0.2O1.9 according to (1) experimental data taken
from [7], (2) experimental data taken from [5], (3) molec
ular dynamics calculation, (4) our experimental data, (5)
approximation of the molecular dynamics simulation data,
and (6) approximation of our experimental data. 
Table 2. Parameters of relationship (7) describing the temperature dependence of the quantity σT for the experimental and
calculated data
Number of the curve 
in Fig. 3 (σT)0, Ω
–1 cm–1 K E
σ
, eV Notes
1* (2.9 ± 0.1) × 105 0.757 ± 0.004 [7]
2* (8 ± 1) × 104 0.70 ± 0.01 [5]
3 (4.2 ± 0.3) × 104 0.584 ± 0.006 Our molecular dynamics data
4  × 104 0.69 ± 0.04 Our experimental data
* The experimental data were processed according to relationship (7).
6–3
+5
( )
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where  is the energy of formation of anion vacan
cies with the corresponding number of impurity Gd
ions in the nearest environment. 
The obtained parameters of relationship (8) for
N = 0, 1, and 2 are listed in Table 3. The dependence
(T) is shown in Fig. 2 by curve 4, the dependence
(T) is shown in Fig. 2 by curve 5, and the depen
dence (T) is not presented for convenience of
the presentation. 
A comparison of the energy of formation of defects
(6), which was found from the thermal desorption
experiment (  = 0.26 ± 0.06 eV), with the energies
 calculated by the molecular dynamics method
(Table 3) shows that the most probably filled defects
are impurity anion vacancies that are detached from
the gadolinium–vacancy cluster and do not have gad
olinium ions in their environment (N = 0,  =
0.196 ± 0.005 eV). Furthermore, the preexponential
factors  and C0 in the region of the “plateau” are
also in satisfactory agreement when taking into
account the errors of the methods used for their deter
mination (Fig. 2, curves 1 and 5). 
The effective energy in formula (4) for the linear
part of the temperature dependence of the solubility is
 = EP + , whereas for the region of the “pla
teau” it is Eeff = . Therefore, in the given tempera
ture range (T = 740–1123 K), we can determine the
energy of dissolution of helium in a single anion
vacancy: EP = –0.31 ± 0.09 eV. This value indicates
that the depth of the potential well is large enough for
a helium atom to be held in a vacancy. However, the
obtained energy of dissolution of a helium atom in an
anion vacancy is more than two times less than the
energy at low temperatures (T = 613–773 K) for the
considered system [3]. 
Such a large difference, in our opinion, can be
explained as follows. Since the helium atoms, accord
ing to our model, are dissolved predominantly in
impurity anion vacancies (with concentration ),
whose nearest environment does not contain gadolin
ium ions, the interaction between these vacancies at a
low concentration of gadolinium ions in the solution
will be weak and the concentration  will tend to
the concentration of dissociated impurity–vacancy
complexes (3). 
With an increase in the concentration of impurity
ions in the solution and, accordingly, with an increase
in the concentration of impurity anion vacancies, the
number of such positions  will decrease because
EN
D
CV
N  = 1
CV
N  = 0
CV
N  = 2
Eeff
D
EN
D
E0
D
C0
N  = 0
Eeff
P
Eeff
D
Eeff
D
CV
N  = 0
CV
N  = 0
CV
N  = 0
of the mutual repulsion of the impurity vacancies
detached from the impurity–vacancy complexes. In
this case, the effective dissociation energy can be writ
ten as 
(9)
where  is the dissociation energy of the impurity–
vacancy complex with the detachment of a single neu
tral vacancy in the absence of interaction with each
other of impurity vacancies detached from the impu
rity–vacancy complexes, and EVV(CV) is the correction
due to the mutual repulsion of the impurity vacancies. 
According to the previously obtained experimental
data [3], the correction is EVV ~ 0.9 ± 0.2 eV. 
4. CONCLUSIONS 
Helium defectoscopy of the cerium gadolinium
ceramics Ce0.8Gd0.2O1.9 with a submicrocrystalline
structure in the temperature range corresponding to
the impurity disorder region (T = 740–1123 K) has
demonstrated that, in highly concentrated solutions of
gadolinium in CeO2, the concentration of free anion
vacancies formed in the impurity region due to the dis
sociation of impurity–vacancy complexes, in contrast
to the weakly concentrated solutions [9], where it is a
temperatureindependent quantity, is described by
exponential relationship (3) with the energy of forma
tion of vacancies  = 0.26 ± 0.06 eV. 
The energy of dissolution of helium in free anion
vacancies in this temperature range is EP = –0.31 ±
0.09 eV, which is one order of magnitude higher than
the van der Waals interaction energy, but is 2.5 times
lower than the previously determined value of the
energy [3] at low temperatures (T = 613–773 K). 
The refinement of the proposed mechanism
responsible for the behavior of the concentration
dependence of the dissociation energy of impurity–
vacancy complexes in systems with a high impurity
(Gd) concentration requires further investigation. 
Eeff
D
E0
D
EVV CV( ),–=
E0
D
Eeff
D
Table 3. Parameters of relationship (8) for anion vacancies
with different numbers N of gadolinium ions in the nearest
environment according to the molecular dynamics calculation
N , 1021 cm–3 , eV
0 1.9 ± 0.1 0.196 ± 0.005
1 2.8 ± 0.2 0.076 ± 0.006
2 0.41 ± 0.02 –0.079 ± 0.003
C0
N
EN
D
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